The impact of sedimentary processes on the live (roseBengal-stained) foraminiferal faunas and on the composition of dead assemblages was investigated at a 373-m-deep station in Saint-Tropez Canyon (Bay of Fréjus, France). For the .150-mm fraction, biocoenoses and thanatocoenoses were investigated in two 10-cm-long cores collected with a classical Barnett multi-corer. In the 63-to 150-mm size fraction, living faunas were investigated in the first centimeter of the sediment. The first core was fixed with ethanol and roseBengal at the time of the sampling (the in situ core) whereas the second core was stored in a culture room during a 2.5-year-long incubation before its fauna was investigated.
INTRODUCTION
Submarine canyons represent complex physico-chemical biotopes where the sedimentary dynamics and organic matter focusing induce uncommon ecological conditions compared to open-slope environments. Few studies exist on the living foraminiferal faunas from these environments (Jorissen and others, 1994; Swallow and Culver, 1999; Schmiedl and others, 2000; Anschutz and others, 2002; Hess and others, 2005; Fontanier and others, 2005; Koho and others, 2007) . Nevertheless, submarine canyons and trenches are important sinks for organic matter related to marine primary production and terrestrial organic compounds (Epping and others, 2002; Tselepides and Lampadariou, 2004; de Stigter and others, 2007) . Therefore, studies of the functioning of canyon ecosystems are crucial to appreciate the fate of organic carbon on ocean margins, in the past and in the present. Some recent studies have demonstrated that highly diverse, living (rose-Bengalstained) foraminiferal faunas dominated by deep and intermediate infaunal taxa (e.g., Melonis spp., Chilostomella spp., Globobulimina spp.) thrive in inactive canyons characterized by organic-matter-enriched sediment and stable redox conditions within the sediment (Schmiedl and others, 2000; Fontanier and others, 2005; Koho and others, 2007) . On the other hand, in some active canyon areas where gravity-flows are common, living foraminiferal faunas are mainly composed of early colonizing and opportunistic foraminiferal taxa like Technitella melo, Bolivina subaenariensis and Hyalinea balthica (Jorissen and others, 1994; Anschutz and others, 2002; Hess and others, 2005; Koho and others, 2007) . In all cases, living foraminiferal faunas from canyon environments differ strongly from those found in adjacent open-slope environments (Schmiedl and others, 2000; Fontanier and others, 2005) . Moreover, some species dominating the organicmatter-enriched sediments of inactive canyons are important in paleoceanography. For example, Chilostomella spp. and Globobulimina spp. belong to the rare deep-sea taxa able to survive adverse environmental conditions prevailing during sapropel deposition in the eastern Mediterranean Sea or during Heinrich events in the North Atlantic Ocean (e.g., Baas and others, 1998; Casford and others, 2003; Abu-Zied and others, 2007) . A better understanding of their ecology in the benthic environments where they live preferentially is necessary to better appreciate their potential as paleo-environmental proxies.
Since ecological observations of live (rose-Bengalstained) foraminiferal communities from canyon systems are still rather limited, we have decided to investigate the ecological patterns of foraminiferal assemblages from the Saint-Tropez Canyon (Bay of Fréjus), which had never been studied before. In this paper, we want to assess the putative impact of sedimentary processes on the live (roseBengal-stained) foraminiferal faunas and the composition of dead assemblages at a 373-m-deep canyon station . In order to do so, we investigated both living and dead foraminiferal faunas in the .150-mm size fraction from an in situ core, and we obtained various data about the sedimentary environment of our study area (Xradiography, granulometry, colorimetry, sieve-residue observations). We also inventoried the live (rose-Bengalstained) foraminiferal faunas of the 63-to 150-mm size fraction in the first centimeter of the in situ core. All core material was collected in May 2003. We might expect to find two different foraminiferal assemblages. (1) In the case of an active canyon characterized by repetitive deposition of turbidites, the living foraminiferal fauna could be composed of opportunistic pioneer species (Alve, 1999; Hess and others, 2005) . (2) In the case of a more quiet, passive canyon environment where large quantities of organic matter and fine-grained particles accumulate, we should observe a highly diverse climax community with specialized foraminiferal taxa (Alve, 1999; Fontanier and others, 2005) . A second part of this paper deals with the surprising faunal composition after a 2.5-year-long incubation of a core collected at the same station in the same sampling period. In May 2003, we stored this core for a future incubation experiment. Unfortunately, because of logistical problems, the incubated core suffered important salinity changes throughout the 2.5 years of incubation. Salinity ranged between 35 and 62 psu. At the end of incubation, oxygen concentration was almost zero at the sediment-water interface. Temperature was kept constant at ,14uC. In view of the highly adverse experimental conditions, we expected to find no living (rose-Bengalstained) foraminifera at the end of the incubation period. The unexpected presence of a dense living foraminiferal fauna sheds new light on the survival strategies of foraminifera, and may help us to better understand the extraordinary tolerance of this group to adverse conditions.
STUDY AREA, MATERIAL AND METHODS

STUDY AREA
The narrow continental shelf characterizing the Bay of Fréjus (southeastern France) is incised by numerous poorly studied canyon systems. Some studies using a submersible were conducted in the 1970's to investigate the tectonic and sedimentary structure of Cenozoic deposits in the deepest parts of these canyons (Bellaiche, 1972; Bellaiche and others, 1979) . It appeared from these works that canyons, as typical polygenic structures, suffered dramatic erosional processes during the Messinian crisis (Late Miocene) followed by sedimentary in-filling processes during the Plio-Quaternary age. However, none of these works could precisely describe the sedimentary patterns of the Holocene sedimentation off Fréjus. Station 6u46.629E ) is situated at the head of Saint-Tropez Canyon (Bay of Fréjus) at 373 m water depth (Fig. 1) . It is bathed by Mediterranean Intermediate Water derived from Levantine Intermediate Water (Millot, 1990) . The physico-chemical properties in our study area can be deduced from conductivity, temperature, and depth (CTD) measurements performed by Pierre (1999) at a nearby station (Station 1B; 42u25.0009N, 4u55.0009E). Salinity is ,38.45 psu and temperature is ,12.7uC (Pierre, 1999) . Oxygen concentration of the bottom water is ,4 ml/l (Gostan, 1968; Minas, 1970) .
MATERIAL AND METHODS
Station CAMT-5 was sampled in May 2003 with a classical Barnett multi-corer. This corer allows the collection of sediment cores with an undisturbed sediment-water interface (Barnett, 1984) . A first core (internal diameter 9.6 cm, surface area ,72 cm 2 ) was sampled for in situ faunal analysis. A second one was sub-sampled with a Plexiglas tube (internal diameter 5.9 cm, surface area ,27 cm 2 ) and stored for a long-term incubation at the Laboratory of Recent and Fossil Bio-Indicators (Angers University, France). The sedimentological features of a third core were investigated at Bordeaux University. All cores were collected from the same multi-corer deployment. Unfortunately, we did not sample replicate cores for foraminiferal analysis. Therefore, differences between our Journal of Foraminiferal Research fora-38-02-04.3d 28/2/08 10:42:45 46 cores could be partially the result of putative micro-scale spatial variability.
In Situ Core Dedicated to Foraminiferal Analysis
The core dedicated to the in situ foraminiferal study was sliced horizontally onboard the ship; every 0.5 cm for the first 4 cm of the sediment and every centimeter between 4 and 10 cm was sampled. Sediments were stored in 500-cm 3 bottles filled with 95% ethanol containing 1 g/l rose Bengal stain (Walton, 1952) . Problems and advantages related to the use of rose Bengal staining were discussed by Bernhard (1988 Bernhard ( , 2000 and Corliss and Emerson (1990) . We use the same criteria of identification as those described in Fontanier and others (2005) . The samples were gently shaken for several minutes in order to obtain a homogeneous mixture. Several weeks after sampling, samples were sieved through screens with 63-and 150-mm openings, and the sieve residues were stored in 95% ethanol. Foraminifera belonging to the .150-mm fraction were sorted from wet (about 50% ethanol) samples and stored in Chapman slides. Because of the extremely time consuming character, the 63-to 150-mm fraction was investigated only in the first centimeter of sediment. Census data for the living foraminiferal fauna of both size fractions are presented in Tables 1 and 2 . Note that we discriminated between fossilizing and non-fossilizing agglutinated taxa. All arenaceous species that were found in the dead assemblages down to the bottom of the core (e.g., Bigenerina nodosaria, Pseudoclavulina crustata, Sigmoilopsis schlumbergeri, Siphotextularia spp., Textularia spp.) were considered as fossilizing agglutinated taxa. The faunal reference list is depicted in Appendix I. For the living and for the dead assemblages, we determined the species richness, which corresponds to the total number of observed taxa (excluding undetermined species). We calculated the Shannon index H and the evenness index E (Hayek and Buzas, 1997) , as described in Murray (2006) . In order to obtain a general idea about microhabitat patterns, we calculated the average living depth (ALDx; Jorissen and others, 1995) Fontanier and others (2002) . We calculated ALD 10 only for species with an absolute abundance higher than 5 individuals per core (Table 1) . Isolated specimens separated by more than 1 cm from other individuals were not included in the calculation of ALD 10 . In Table 1 , such isolated individuals are presented in italics.
We did not perform geochemical analysis (redox conditions within the sediment) on in situ material. Therefore, in the discussion, we will use sedimentological and faunal observations to estimate the oxygen penetration depth (OPD), which is supposed to be an important ecological boundary for living foraminifera.
Incubated Core Dedicated to Foraminiferal Analysis
Onboard the ship, the core dedicated to the incubation was immediately stored at 14uC (in situ temperature) in darkness. Afterwards, the core was transported to the laboratory at Angers University in a cool box. In the laboratory, the core was incubated at 14uC in the dark. The salinity (measured with a conductivity meter) was checked after 15 days (on May 19, 2003) and because of the surprisingly high salinity value (62 psu), distilled water was added. Thereafter, the salinity was checked at irregular intervals, and if necessary, distilled water was added. The experiment stopped on November 2, 2005. Before sampling the incubated core, pictures of the cores were taken (Fig. 2) . On the sediment surface, two zones with different colors can be distinguished. Two pore-water profiles of oxygen concentration were measured in the bottom water and along the sediment column at two different places in the core. Oxygen profiles were made with an oxygen microelectrode and a picoampere meter (Unisense, Denmark). Calibration of the electrode signal was performed with airsaturated seawater (100% O 2 saturation) obtained by air bubbling during at least one hour and oxygen free conditions (0% O 2 saturation) were obtained deeper in the core sediment. The calibration was made at the same temperature and salinity as those of the core. The incubated core was sliced and treated in the same way as the in situ core, except for the first half centimeter where three subsamples were made: one in the orange zone (first millimeter), one in the black zone (first millimeter) and one below the first millimeter (from 1-5 mm depth in core). Census data of living foraminiferal fauna for the incubated core are presented in Table 1 . Note that no living (roseBengal-stained) foraminifera were found in the 63-to 150-mm fraction in the first centimeter of sediment (Table 2) .
Dead Foraminiferal Faunas in both In Situ and Incubated Cores
We also determined dead foraminiferal assemblages in the in situ and the incubated cores for the larger size fraction (.150 mm). As usual (Murray, 2006) , when possible, we counted at least 250 individuals per sediment interval. If necessary, we divided samples into sub-fractions using an Otto splitter. Census data are given in Appendices II and III (placed at http://www.cushmanfoundation. org/jfr/index.html under the JFR Article Data Repository Item No. JFR DR200803). Branched foraminifera were not taken into account because it is not reliable to consider one branched fragment as representative of one individual.
It should be noted that in certain sediment levels we found some foraminifera with doubtful staining. All these individuals, which belong to Bolivina alata, Chilostomella oolina, Globobulimina pyrula var. pseudospinescens, Hoeglundina elegans, Hyalinea balthica, Melonis barleeanus, Uvigerina elongatastriata and Uvigerina mediterranea, presented patchy pinkish, reddish to brownish compounds within the shell suggesting a slow decay of the remaining protoplasm. We did not consider these doubtful specimens as alive at the time of sampling, and consequently, they were integrated into the counts of the dead assemblages.
In Situ Core dedicated to Sedimentological Analyses
The third core collected at Station CAMT-5 was radiographed using a Scopix system, which consists of an X-ray imaging system combined with image analysis software (Migeon and others, 1999) This technique was applied to sediment samples of the previously radiographed and photographed core. Afterwards, the core was sliced into 1-cm-thick sediment intervals from the sediment-water interface down to 20 cm depth. We calculated grain sizes (decile grain sizes D 10 , Q 50 and D 90 ) for all these sediment intervals.
Complementary Investigations
Using the scanning electron microscope Jeol 6301F from the Service Commun d'Imageries et d'Analyses Microscopiques (SCIAM) at Angers University, we obtained digital photographs of picked foraminiferal individuals. These are presented in Plate 1. We used the X-ray microprobe (Oxford ISIS system) equipping the microscope to obtain energy dispersive X-ray (EDX) spectra and X-ray mapping of different major elements composing the foraminiferal test and the particles incrusting the test (Plate 1). We focus our attention on sedimentary coatings covering living Rosalina bradyi (Cushman, 1915) , which we found abundant in the incubated core.
RESULTS
IN SITU CORE
Living Foraminiferal Faunas (.150-mm size fraction)
Census data of the in situ core (72 cm 2 surface area) are presented in Table 1 . The vertical distribution of dominant foraminifera (abundance percentage .5%) in the 10-cmlong core is depicted in Figure 3 . The foraminiferal fauna is characterized by a species richness of 56 live taxa (excluding undetermined taxa). The Shannon index (H) is 3.08, and the equitability index (E) is 0.37. The foraminiferal density for the whole 10-cm-long core (normalized to a 100-cm 2 surface area) is about 830 ind/100 cm 2 (,600 individuals for the whole core without normalization).
Perforate species represent about 71% of total foraminiferal fauna. Dominant taxa are Globobulimina pyrula var. pseudospinescens (14.6%), Chilostomella oolina (10.1%), Uvigerina elongatastriata (7.8%), Bolivina alata (7.0%), Melonis barleeanus (5.3%) and Hyalinea balthica (4.8%). Non-fossilizing agglutinated taxa represent more than 20% of the total faunas. Cribrostomoides sp. is the dominant taxon of this group, accounting for 14.5% of total live foraminiferal fauna. Fossilizing agglutinated and porcelaneous species are minor groups. When investigating the microhabitat distribution of the main taxa, three main patterns can be distinguished (Table 1) . Cribrostomoides sp. (ALD 10 5 0.40 cm) and H. balthica (ALD 10 5 0.92 cm) are shallow infaunal taxa. They thrive between the sedimentwater interface and 1 cm depth in the sediment. Uvigerina elongatastriata (ALD 10 5 1.20 cm), B. alata (ALD 10 5 1.21 cm) and M. barleeanus (ALD 10 5 1.41 cm) constitute intermediate infaunal species that mainly occupy the sediment interval between 1 and 2 cm depth. Globobulimina pyrula var. pseudospinescens (ALD 10 5 2.68 cm) and C. oolina (ALD 10 5 3.33 cm) are typically deep infaunal taxa with average living depth deeper than 2 cm. Both taxa can be found alive until 8-9 cm depth. Note the presence of only two living (rose-Bengal-stained) individuals of Rosalina bradyi in the first half centimeter of the core (relative abundance 5 ,0.3%). One of them was attached to decaying algal remains as an epiphytic organism (Plate 1).
Living Foraminiferal Faunas (63-to 150-mm size fraction)
Census data of the 63-to 150-mm fraction of the in situ core (first centimeter of sediment, 72 cm 2 surface area) are presented in Table 2 . The foraminiferal fauna is characterized by a species richness of 47 living taxa. H is 3.05, and E is 0.42. The foraminiferal density for the first centimeter of sediment (normalized for a 100 cm 2 surface area) is about 760 ind/100 cm 2 (,550 individuals for the first centimeter without normalization). Perforate taxa represent 68.4% of the total fauna whereas the non-fossilizing agglutinated group counts for 28.3% of the foraminiferal community. Dominant taxa are Melonis barleeanus, Bolivina spathulata, Bolivina dilatata and Cassidulinoides bradyi with relative abundances of 19.2%, 16.1%, 5.5% and 5.5%, respectively. In addition, in the 63-to 150-mm fraction, two living (roseBengal-stained) individuals of Rosalina bradyi are found in the first centimeter of the core (relative abundance 5 ,0.4%).
Dead Foraminiferal Assemblages (.150-mm size fraction)
Census data of dead foraminiferal faunas counted in the in situ core (per 72 cm 2 surface area) are presented in Appendix II. The vertical distribution of abundant foraminiferal taxa in the 10-cm-long core is depicted in Figure 4a .
Journal of Foraminiferal Research fora-38-02-04.3d 28/2/08 10:42:56 50 FIGURE 2. Photographs of the incubated core taken on November 2, 2005 (at the end of incubation). a a general view of the subcore. b a close-up of the sediment-water interface. The black and white bar on the side of the core is a centimetric scale. Note the ,1-mm thick orange and black layer at the sediment-water interface. c a top view of the sediment-water interface with the surficial orange and black layer. The rounded spot marks the spot where oxygen profile 1 was measured. The squared spot marks the spot where oxygen profile 2 was performed.
PLATE 1 In situ material: 1 Rosalina bradyi attached on an organic fibrous substrate (dorsal view); 2 R. bradyi (dorsal view). Incubated material: 3 R. bradyi (dorsal view); 4 R. bradyi, (umbilical view); 5 R. bradyi (lateral view); 6 R. bradyi with incrusting iron-enriched particles (umbilical side); on the right-hand side, an EDX spectrum of major elements of the encrusted sediment. 7 X-ray mapping of calcium (Ca) for the umbilical side; 8 X-ray mapping of iron (Fe); 9 X-ray mapping of silicon (Si); 10 X-ray mapping of manganese (Mn). 11 R. bradyi with incrusting manganese-enriched particles (dorsal view); on the right-hand side, an EDX spectrum of major elements of the encrusted sediment. 12 X-ray mapping of calcium (Ca) for the dorsal side; 13 X-ray mapping of manganese (Mn); 14 X-ray mapping of silicon (Si); 15 X-ray mapping of aluminum (Al). Horizontal scale represents 100 mm.
In the total 10-cm-long core, we recorded 91 different taxa. This value is higher than the 56 taxa observed in the live foraminiferal faunas. Perforate foraminifera represent about 90% of the total dead assemblage. Dominant taxa are Hyalinea balthica, Bolivina alata, Melonis barleeanus and Valvulineria bradyana with average percentages of 15.8 61.0%, 13.0 61.0%, 8.8 60.8% and 5.6 60.8%, respectively (Appendix II; Fig. 4a ). Chilostomella oolina, Hoeglundina elegans, Uvigerina mediterranea, Bulimina aculeata, Cassidulina carinata, Uvigerina peregrina, Planulina ariminensis and Cibicides pachydermus present average relative abundances between 1 and 5%. Globobulimina pyrula var. pseudospinescens and Uvigerina elongatastriata have average percentages of 1.7% and 0.8%, respectively. Porcelaneous and agglutinated fossilizing groups account for about 5% and 3%, respectively. Non-fossilizing agglutinated foraminifera represent about 2% of the dead faunas. Rosalina bradyi presents a mean relative abundance of 0.6 60.2% without any perceptible trend in vertical distribution. Dead R. bradyi specimens are found until 10 cm depth. Not a single specimen is found in the first interval (0-0.5 cm); in total, we recorded 83 dead individuals for the whole core. When we correct this number for the split sizes used, this corresponds to ,115 ind/100 cm 2 .
Sedimentological Data
No clear vertical succession of different sedimentary facies is visible in the photograph of the 20-cm-long core section collected at station CAMT-5 (Fig. 5) . There are no clear erosional surfaces and/or turbiditic sequences. The sediment is homogeneously brownish, with dark brown centimeter-scale patches at the basis of the core. Note that the sediment-water interface was slightly compressed by the polystyrene cap during the transport of the core material to Bordeaux University at the end of the sampling campaign. For this reason, the sediment-water interface is slightly inclined. The X-ray radiograph shows neither clear erosive surfaces nor graded sediments (Fig. 5) . The sediment shows a number of empty and vertical filled burrows detectable all along the core.
The sediment is mainly composed of muddy silts. The D 10 for the upper 20 cm is between 1.4 and 1.9 mm. The Q 50 ranges between 5.8 and 8.3 mm. The D 90 ranges between 28.1 and 40.2 mm. For these three indices, we can note a slight coarsening-up tendency.
INCUBATED CORE
Salinity in the Water Overlying the Core
Throughout the 2.5 years of incubation, overlying water salinities varied from ,35 to ,62 psu ( 
Dissolved Oxygen in Bottom and Pore Waters
At the end of the incubation (November 2005), the sediment-water interface was characterized by orange-and black-colored particles organized in a ,1-mm-thick sedimentary layer (Fig. 2) . Two oxygen profiles were performed at the end of the incubation; one through the black-colored sediment-water interface (profile 1) and a second one through the orange-colored interface (profile 2; Fig. 7 ). In the 5 mm of water overlying the sediment-water interface, oxygen concentrations varied between 0.30 and 0.55 ml/l for both profiles. This denotes strongly hypoxic conditions. In the first millimeter of water immediately above the sediment-water interface, oxygen concentrations fell to undetectable values (,zero) for profile 1 (black sediment) and to 0.03 ml/l for profile 2 (orange sediment). Below the sediment-water interface, for both cases, no more measurable dissolved oxygen was observed. Since the oxygen concentration at the sediment-water interface was not zero, the 1-mm-thick orange layer visible in Figure 7 was probably not fully anoxic. However, all deeper sediments of the whole core presented anoxic conditions.
Journal of Foraminiferal Research fora-38-02-04.3d 28/2/08 10:43:23 52 Table 1 (bottom part). The vertical distribution of the dominant foraminifera in the 10-cm-long core is depicted in Figure 8 . The living (roseBengal-stained) foraminiferal fauna is characterized by a monospecific population containing only Rosalina bradyi [Discorbis globularis (d'Orbigny) var. bradyi Cushman, 1915; Plate 1]. In all, 141 specimens of this perforate species were found in the 10-cm-long core, which corresponds to about 500 ind/100 cm 2 . EDX spectra and X-ray mapping were performed on two individuals picked respectively from the orange and the black sedimentary layers of the incubated core (Plate 1). Both types of analysis reveal that orange incrusted particles are mainly composed of iron whereas black particles contain manganese.
The investigation of the 63-to 150-mm size fraction of the topmost centimeter of the sediment did not reveal living (rose-Bengal-stained) foraminifera.
Dead Foraminiferal Assemblages (.150-mm size fraction)
Census data of dead foraminiferal faunas for the incubated core (per 27 cm 2 surface area) are presented in Appendix III. The vertical distribution of the dominant foraminiferal taxa in the 10-cm-long core is depicted in Figure 4b . For the whole core, we recorded 101 species. Perforate foraminifera represent more than 90% of the total dead assemblage. Dominant taxa are Hyalinea balthica, Bolivina alata, Melonis barleeanus, Hoeglundina elegans and Chilostomella oolina, with respective mean percentages of Journal of Foraminiferal Research fora-38-02-04.3d 28/2/08 10:43:28 53 FIGURE 4. Foraminiferal thanatocoenoses at Station CAMT-5: a the dead foraminiferal distribution (percentages of dominant taxa of the .150-mm size fraction) in the in situ core; and b dead foraminiferal distribution (percentages of dominant taxa belonging to the .150-mm fraction) in the incubated core. We enlarged the bars related to Rosalina bradyi. Depth axis changes scale below 4 cm.
15.1 61.21%, 12.0 60.7%, 9.3 61.0%, 5.4 60.5% and 5.1 60.7% for the whole core (Appendix III; Fig. 4b ). Valvulineria bradyana, Uvigerina mediterranea, Bulimina aculeata, Cassidulina carinata, Planulina ariminensis and Uvigerina elongatastriata present mean relative abundances between 1 and 5%. Globobulimina pyrula var. pseudospinescens and Uvigerina elongatastriata account, respectively, for only 2.3% and 1.2%. Porcelaneous and agglutinated fossilizing groups account for about 5% and 3%, respectively. Nonfossilizing agglutinated foraminifera represent less than 2%. Rosalina bradyi presents a mean relative abundance of 1.3 60.6% for the whole core, with its highest value recorded in the first half centimeter (,10%). Dead R. bradyi are found to 10 cm in the sediment. In total, we recorded 109 dead
Journal of Foraminiferal Research fora-38-02-04.3d 28/2/08 10:43:39 54 FIGURE 5. Photograph and X-ray radiograph of a half core collected at Station CAMT-5. Mean grain sizes of the 10th, 50th, and 90th percentiles are indicated along the same half-core. FIGURE 7. Dissolved oxygen concentration (ml/l) below, at, and above the sediment-water interface of the incubated core. Profile 1 was performed through the black sediment-water interface. Profile 2 was performed through the orange sediment-water interface. All measurements were performed at the end of the 2.5-year-long incubation, on 2 November 2005. 
Comparison of the Dead Assemblages in the In Situ and Incubated Cores
Our study allows us to compare the dead faunas of the in situ and incubated cores in the larger size fraction (.150 mm; Fig. 4a, b) . The linear regression based on the average percentages of the 114 taxa observed in both cores reveals an excellent positive correlation (y 5 0.9693x + 0.0283; r 5 0.99, p,0.01). In addition, diversity and equitability indices based on dead faunas from both cores are similar. These results suggest that the dead assemblage from the incubated core was obviously not affected by calcite dissolution related to an eventual acidification of pore waters during incubation. Such a putative acidification might have taken place as the consequence of a long-term degradation of sedimentary organic matter and would have dissolved the more sensitive foraminiferal species (e.g., thin walled calcitic species such as Globobulimina and Chilostomella or the aragonitic Hoeglundina elegans; Mackensen and others, 1990) .
Comparison between Live and Dead Assemblages in the In Situ Core
Several taphonomic processes can be enumerated to explain eventual discrepancies between the in situ thanatocoenoses and the in situ living foraminiferal fauna of the .150-mm size fraction (Mackensen and others, 1990; Mackensen and others, 1993; de Stigter and others, 1999; Jorissen and Wittling, 1999) . Globobulimina spp. and Chilostomella spp. that dominate the living faunas are less abundant in the dead foraminiferal assemblages. Three explanations can be proposed to explain such differences.
(1) Bioturbation and physical compaction may have damaged their thin tests (Mackensen and others, 1990; de Stigter and others, 1999; Jorissen and Wittling, 1999) . (2) Test production for these two taxa may be low compared to other dominant taxa living at this station (de Stigter and others, 1999; Jorissen and Wittling, 1999) . (3) In situ living foraminiferal faunas represent only a snapshot of living faunas at the time of the sampling, whereas dead assemblages represent time-averaged assemblages (de Stigter and others, 1999; Jorissen and Wittling, 1999) . Nonfossilizing agglutinated taxa such as Cribrostomoides spp. or Eggerella spp. are absent from the thanatocoenoses picked in the deeper sediment layers. This probably illustrates the progressive degradation of test cement after the burial of dead organisms (e.g., Mackensen and others, 1990; Mackensen and others, 1993; de Stigter and others, 1999) . Perforate taxa characterized by robust planispiral and trochospiral tests (Hyalinea balthica, Melonis barleeanus, Valvulineria bradyana) or by flattened tests (Bolivina alata) are well preserved and become, therefore, dominant taxa of the dead faunas. The dominance of Hyalinea balthica in the thanatocoenoses may also reflect the opportunistic behavior of this taxon, which has been observed to dominate living faunas from organic enriched canyon environments (S. Hess, written communication, 2007) .
Evidence of Downslope Transport
An important question is whether there has been any post-mortem redeposition of foraminiferal tests from shallower depths (outer and inner shelf) at our station close to the Canyon head. The investigation of the living (rose-Bengal-stained) foraminiferal faunas of the .150-mm size fraction from two outer shelf stations in the Bay of Fréjus (CAMT-6 and CAMT-7; ,80 m depth; unpublished data) revealed a dominance of agglutinated taxa (Textularia agglutinans, Textularia saggitula, Eggerella scabra, Clavulina cylindrica, Ammoscalaria sp.), fair quantities of perforate shallow infaunal species (Valvulineria bradyana, Pseudoeponides falsobeccarii, Rectuvigerina phlegeri, Melonis barleeanus s.l.) and the presence of epiphytic and epilithic perforate species (Asterigerinata mamilla, Cibicides lobatulus, Hanzawaia boueana, Planorbulina mediterranenJournal of Foraminiferal Research fora-38-02-04.3d 28/2/08 10:44:05 55 FIGURE 8. Vertical distribution of living and dead (rose-Bengalstained) Rosalina bradyi: a in the in situ and b the incubated cores collected at Station CAMT-5 (number of individuals belonging to the .150-mm size fraction found in each level, standardized for a 50 cm 3 volume of sediment). In the first interval (0-0.5 cm), a distinction has been made between Rosalina bradyi found in the orange ,1-mm-thick layer (gray bar), those found in the black ,1-mm-thick layer (black bar) and in the remaining sediment (white bar). Depth axis changes scale below 4 cm.
FORAMINIFERA FROM SAINT-TROPEZ CANYON sis, Gavelinopsis praegeri and Rosalina bradyi). All these taxa, which are typical of continental shelf environments, could have been transported into the canyon head by various types of downslope transport (suspension or turbidity flow). Together, these taxa constitute a substantial proportion of the .150-mm thanatocoenoses at CAMT-5 Station (on average, 11% of in situ dead fauna). Since M. barleeanus s.l. and Valvulineria bradyana are a significant component of the living fauna at our 373-m-deep station (CAMT-5), we did not include them in our estimated percentage of potentially allochthonous material. The clear lack of graded sediments and erosional surfaces in our cores are indications that there was no deposition of recent turbidites in our study area. The sediment is, rather, homogeneous and composed of muddy silts. Therefore, it is probable that the neritic taxa encountered in our .150 thanatocoenoses were transported downslope by sediment resuspension events. Summarizing, we think that our station CAMT-5 is at present an inactive sedimentary environment that acts as a depocenter for fine-grained particles (muddy silt).
IN SITU LIVING FORAMINIFERAL FAUNAS AT STATION CAMT-5
As explained in the ''material and methods'' section, authors should keep in mind that our ecological interpretations for the in situ and incubated cores are unfortunately based on unreplicated material. Therefore, differences between our cores may be due to a putative micro-scale spatial variability that could be enhanced in the sedimentological settings suggested above (resuspension-deposition processes).
Compared to foraminiferal data from other areas (Jorissen and others, 1994; Hess and others, 2005) , the relatively high specific richness in both size fractions at our 373-m-depth station, the elevated diversity index, the moderate equitability and the moderate foraminiferal density all provide evidence for a community close to an ecological equilibrium state. In fact, our foraminiferal fauna differs strongly from the dense, low-diversity, highdominance faunas that re-colonize active canyons systems off New Jersey (Jorissen and others, 1994) , the French Atlantic coast (Cap-Breton Canyon; Hess and others, 2005) and the Portuguese coast (Koho and others, 2007) . This suggests that our canyon environment is quiescent in terms of sedimentary processes and offers a suitable environment for more specialized foraminiferal faunas (Alve, 1999) .
The .150-mm live foraminiferal fauna from our Station CAMT-5 is characterized by Globobulimina pyrula var. pseudospinescens, Chilostomella oolina, Uvigerina elongatastriata, Bolivina alata and Melonis barleeanus (Table 1 ). All these taxa do not concentrate at the sediment-water interface but occupy intermediate (U. elongatastriata, B. alata, M. barleeanus, Bolivina alata) and deep (C. oolina, G. pyrula var. pseudospinescens) infaunal microhabitats (below 1 cm depth). Only Cribrostomoides sp. (mainly Cribrostomoides subglobosus), the dominant agglutinated taxon, appears in a shallow infaunal microhabitat (first centimeter of sediment). For all these major taxa, numerous ecological studies dealing with living foraminiferal faunas from open slope and canyon environments have already described identical microhabitat patterns (e.g., Corliss, 1985; Mackensen and Douglas, 1989; Rathburn and Corliss, 1994; Jorissen and others, 1994; Jorissen and others, 1998; Schmiedl and others, 2000; Fontanier and others, 2002; Licari and others, 2003; Fontanier and others, 2003; 2006; Hess and others, 2005; S. Hess, written communication, 2007; Langezaal and others, 2006) . In two papers dealing with the living foraminiferal faunas from LacazeDuthiers Canyon in the Gulf of Lions and Cap-Ferret Canyon in the Bay of Biscay, Schmiedl and others (2000) and Fontanier and others (2005) recorded similar high abundances of intermediate and deep infaunal taxa (Globobulimina spp., Chilostomella spp., Melonis spp.). These authors suggested that the elevated densities of infaunal species may be a direct response to a massive flux of partially degraded organic matter focusing in these passive canyon environments. In Saint-Tropez Canyon, we assume that organic matter derived from various marine shallow-water algae and plants concentrates at our site. A simple observation of sieves residues (63-150 mm and .150 mm) from the incubated or the in situ core reveals, indeed, high quantities of organic remains (fibrous algae and plants), which obviously originate from adjacent shelves (Fig. 9) . Refractory organic compounds would be slowly introduced into the deeper parts of the sediment, where their slow degradation would induce a rather stable redox gradient and would constitute a food source. Therefore, as predicted by the TROX-model (Jorissen and others, 1995) , the vertical distribution of intermediate and deep infaunal species at our station would be food-as well as oxygen-controlled. Moreover, as underlined by Jorissen and others (1994) , Hess and others (2005) and S. Hess (written communication, 2007) , the development of deep foraminiferal infauna would reflect a state of ecologic equilibrium present in passive canyon environments. The high abundance of Bolivina spathulata and Bolivina dilatata in the 63-to 150-mm size fraction of the first centimeter of sediment supports these ideas; these taxa have been documented as living preferentially in organic-matterenriched sediment from outer-shelf environments under the influence of riverine discharge (Langezaal and others, 2006; Duchemin and others, 2007) .
Journal of Foraminiferal Research fora-38-02-04.3d 28/2/08 10:44:10 56 FIGURE 9. Photographs of the .150-mm sieve residue for the 3.5-4.0 cm depth interval of the in situ core: a the sieve residues in the picking plate under a stereoscopic microscope-note the filamentous aggregates; b and c show stereoscopic views of sieve residues. Note the abundance of fibrous and filamentous organic remains. They look like debris of fixed plants and algae. Fontanier and others (2002; 2006) showed that in the Bay of Biscay Melonis barleeanus preferentially lives in sediment with dissolved oxygen concentrations between 50 mmol/l (,1 ml/l) and 5 mmol/l (,0.1 ml/l), dysoxic to suboxic conditions, whereas Chilostomella oolina and Globobulimina spp. systematically show abundance maxima around the zero oxygen boundary. Although we do not have direct measurements of redox elements in our in situ core, we can assume that the vertical distribution of these taxa is strongly related to pore-water concentration, and, therefore, may provide an accurate estimate of the oxygen penetration depth. Based on the vertical distribution in the .150-mm size fraction of M. barleeanus and C. oolina (and, to a lesser degree, of Globobulimina pyrula var. pseudospinescens) in our in situ core, we estimate the depth of the zero oxygen boundary between 1.0 and 2.0 cm depth. The taxa Bolivina alata and Uvigerina elongatastriata occupy an intermediate infaunal microhabitat and present respective densities of 42 and 47 individuals per 72 cm 2 . Bolivina alata was also described in the Bay of Ajaccio (Corsica, France) as a species dominating the total foraminiferal (dead + living) faunas between 320 and 360 m depth in a canyon system (Bizon and Bizon, 1984) . De Rijk and others (1999) described high relative frequencies of B. alata in the thanatocoenoses from the Alboran Sea and off Algeria (western Mediterranean Sea) without any depth preference along the slope. Because this species is (together with Chilostomella spp. and Globobulimina spp.) abundant in sediments characterized by a high organic carbon concentration, de Rijk and others (1999) suggested that it would be favored by a high sedimentary carbon supply. Therefore, B. alata (and to a lesser degree, U. elongatastriata) may be considered as relevant bio-indicators of organic-detritusenriched sediments. In such settings, they may occupy dysoxic microhabitats as intermediate infaunal species.
To summarize, the study of living foraminiferal faunas provides evidence that our 373-m-depth station in SaintTropez canyon is under the influence of organic-matterenriched sedimentation. High organic inputs in the sediment may sustain intermediate and deep infaunal standing stocks through (1) serving as an important source of food and (2) maintaining distinct bio-redox zones with a succession of dysoxic to anoxic sediments. The described foraminiferal fauna may be considered as a typical, highly diverse, specialized climax community, which has colonized a rather quiescent sedimentary environment.
ADVERSE CONDITIONS FOR THE INCUBATED CORE
The core collected at CAMT-5 Station for incubation suffered important salinity and oxygenation changes throughout the 2.5 years of incubation. Salinity varied between 35 and 62 psu. Bottom and pore water became severely hypoxic (close to anoxia) at the end of incubation, in comparison with the well oxygenated conditions prevailing naturally in Mediterranean Intermediate Water (,4 ml/l). The iron-enriched and manganese-enriched sediment that constituted the first millimeter of sediment (respectively, the orange and black interfaces) at the end of incubation indicated that oxygen (and probably nitrate + nitrite) had been totally consumed within the sediment and that the zero oxygen boundary had migrated upward to the sediment-water interface, where Mn (III, IV) oxides and oxyhydroxides and Fe (III) oxides precipitated. Since we made only two oxygen measurements, we cannot exclude the presence of re-oxygenation phenomena during the incubation period, especially when we added demineralized freshwater to adjust the salinity.
Salinity changes associated with severe oxygen depletion, as observed in our incubated core, are uncommon in natural deep-sea biotopes. Only in deep hypersaline anoxic basins (DHABs), such as in the Eastern Mediterranean Sea, where salinity may drastically increase to more than 300 psu, a comparable setting has been observed (e.g., Jongsma and others, 1983; De Lange and others, 1990; Wallmann and others, 1997) . These high-pressure areas harbor important microbial communities that thrive in organically enriched and oxygen depleted habitats (e.g., Erba and others, 1987; Erba, 1991; Ollivier and others, 1994; C. Corselli, communication, 1998; van der Wielen and others, 2005) . Foraminifera belonging to the family of Allogromiidae, bacteriovorous nematodes, and halophilic mollusks proliferate in these environments (Lampadariou and others, 2003) . Polychaetes, which filter abundant prokaryotes, and mollusks, which live in symbiosis with chemolithotrophic bacteria, are found in the direct vicinity of such deep-sea hypersaline ''lakes' ' (C. Corselli, communication, 1998 ). We did not find any Allogromiidae in our incubated core. It is possible that these soft-shelled foraminifera were not preserved in ethanol. Rosalina bradyi (Cushman, 1915) was the only rose-Bengal-stained (supposedly living at the time of sampling) foraminiferal taxon we found. It appears that all other taxa did not survive the adverse incubation conditions (salinity and oxygen changes).
Ecological Behavior of Rosalina bradyi
Vénec-Peyré (1984) recorded stained (living) Rosalina bradyi in Posidonia meadows between 10 and 15 m depth in the Bay of Banyuls-sur-Mer (Gulf of Lions, France). At this water depth, salinity ranged between 36.9 and 37.8 psu and temperature oscillated between 11.6u and 20.8uC. In the Adriatic Sea, recorded R. bradyi between 20 and 100 m depth in total assemblages from sandy substrates, in association with ephiphytic foraminifera such as Asterigerinata mamilla and Cibicides lobatulus. This author also found very low frequencies of this taxon from 100 to 1000 m depth. Hayward and others (1994) depicted a dead foraminiferal association dominated by R. bradyi from a 0.5-m-depth station characterized by sandy gravel in Port Pegasus of Stewart Island (New Zealand). This species was interpreted as a specialized, sessile, epifaunal taxon able to attach to the rocky substrate. Ferraro and Molisso (2000) , who studied foraminiferal thanatocoenoses from shallow-water volcanic banks in the Gulf of Naples (Tyrrhenian Sea, Italy), described high relative abundances of R. bradyi (together with the epiphytic Cibicides lobatulus) at a 54-m-deep station. A substrate composed of detrital sand with a vegetation cover may constitute good environment for these attached foraminifera. Vaniček and others (2000) recorded abundant living (rose-BengalJournal of Foraminiferal Research fora-38-02-04.3d 28/2/08 10:44:17 57
FORAMINIFERA FROM SAINT-TROPEZ CANYON stained) R. bradyi in low-diversity, foraminiferal faunas from restricted nearshore environments. R. bradyi was dominant at a 40-m-deep, open-sea station from the Adriatic Sea (Croatia), on gravelly muddy sand where the temperature ranged between 13u and 16uC, salinity was close to 38.0 psu and oxygen concentration oscillated from 4.2 to 6.6 ml/l. As elsewhere, R. bradyi was observed as a sessile organism attached to biogenic substrates. However, some R. bradyi were also found in a 1.5-m-deep channel connecting the open sea to a coastal lagoon. There, salinity ranged between 36.0 and 38.0 psu, temperature ranged between 9u and 27uC, oxygen concentration varied between 5 and 6 ml/l and the sediment was a gravelly sand. Some dead tests were also observed in a lagoon at 40 m depth where seasonal anoxia was recorded and where salinities and temperature range respectively between 35.5-37.0 psu and 9-17uC (Vaniček and others, 2000) . All these observations illustrate that R. bradyi may be considered as an epiphytic and/or epilithic neritic taxon living preferentially in inner shelf environments. Heinz and others (2001) performed a laboratory experiment to study the response of deep-sea foraminifera from a 993-m-depth station from the Gulf of Taranto (Mediterranean Sea) to simulated phytoplankton pulses. The ten-months-long feeding experiment induced hypoxic conditions in the aquarium. Surprisingly, at the end of the incubation, Rosalina bradyi dominated, suggesting that reproduction had taken place in the incubation conditions. Heinz and others suggested that R. bradyi was originally represented in low numbers in the sediment before the beginning of the incubation; it would have become dominant because of its higher tolerance to low pressure or other incubation conditions.
Observations on the Incubated Core Figure 8 presents the normalized density of Rosalina bradyi for the dead and living faunas in the in situ and incubated cores for the .150-mm size fraction. Rosalina bradyi is scarce in the in situ core (3 individuals per 100 cm 2 in both the .150-mm and the 63-to 150-mm size fractions) in comparison with the incubated core, where its density increases to a value of 516 ind/100 cm 2 for the .150-mm size fraction. In contrast, there were no living R. bradyi juveniles (63-to 150-mm size fraction) in the first centimeter of the incubated core. We think that the occurrence of R. bradyi in the in situ core is related to the deposit of algal detritus with attached specimens in Saint-Tropez Canyon. This phenomenon is depicted in Figure 10 , which shows organic remains (mainly algal fragments) with attached epiphytic R. bradyi that are transported from adjacent shelves into the canyon. In deep-sea environments (higher pressure, decreasing temperature, limited algal substrate, no light), R. bradyi would probably not find suitable conditions for its reproduction, resulting in very low frequencies in the dead faunas (Fig. 10) .
In contrast, after our 2.5-year-long incubation, the in situ living fauna has been completely replaced by a monospecific population of adult Rosalina bradyi (Fig. 10) . The highly diverse in situ foraminiferal fauna obviously did not tolerate the drastic salinity changes that occurred during incubation. Such an explanation would be logical since most dominant deep-sea foraminiferal taxa (e.g., Uvigerina elongatastriata, Bolivina alata, Melonis barleeanus, Globobulimina spp., Chilostomella spp.) can be considered as rather stenohaline. As previously explained, a salinity change from 35 to 62 psu is uncommon in deep-sea environments and can perhaps only be tolerated by Allogromiidae. As a second explanation, the decline of in situ faunas can be also related to the oxygen depletion that we recorded at the end of our experiment. However, this explanation is less convincing since some of our dominant in situ species are known to be tolerant of hypoxic conditions in in situ and ''culture'' conditions (e.g., Sen Gupta and Machain-Castillo, 1993; Bernhard and Sen Gupta, 1999; Ernst and van der Zwaan, 2004; Geslin and others, 2004) . Only R. bradyi was able to reproduce and grow throughout our incubation (Figs. 8, 10 ). According to Alve and Goldstein (2003) , propagules of some foraminiferal species might survive prolonged unfavorable periods and start growing and reproducing as soon as conditions improve. Several questions may be asked with respect to R. bradyi, but will largely remain unanswered: did R. bradyi reproduce after salinity returned to marine values (,36 psu) during the experiment; did it reproduce and grow because of the lack of competition with other taxa; did it reproduce and grow before the oxygen depletion recorded at the end of the experiment; or was R. bradyi really alive at the end of the incubation? Our data do not allow us to answer these questions. We can only conclude that R. bradyi was able to reproduce and grow in spite of drastic salinity changes. Therefore, R. bradyi can be considered as a euryhaline species. Finally, if we assume that rose-Bengalstained R. bradyi counted at the end of our incubation were alive, this would mean that R. bradyi is also able to tolerate drastic oxygen depletion (from 4 to 0 ml/l) as was earlier reported by Heinz and others (2001) . Consequently, R. bradyi might also be considered as a species tolerant of oxygen depletion.
CONCLUSION
The putative impact of sedimentary processes on the live (rose-Bengal-stained) foraminiferal faunas and the composition of dead assemblages was investigated at a 373-m-deep canyon station (CAMT-5 station) in Saint-Tropez Canyon (Bay of Fréjus, France).
N The study of dead foraminiferal faunas in both the in situ and the incubated cores (.150-mm size fraction) and the sedimentological features of a third core reveal the lack of recent turbidite deposition in our study area. However, the substantial occurrence of dead foraminiferal species from neritic areas and the observation of high amounts of algae and plants fragments in sieve residues support the assumption that our station is characterized (1) by downslope transport of shelf foraminifera and (2) by substantial focusing of organic matter coming from adjacent shelves. Chilostomella oolina). The smaller fraction investigated for the first centimeter of the sediment is dominated by M. barleeanus, Bolivina spathulata and Bolivina dilatata. These observations agree with the idea that the fine (muddy silt) sediment at our station is enriched in organic matter. Specific richness and diversity are relatively high at this site, suggesting the presence of a specialized climax community in a rather stable passive canyon setting. Some living epiphytic individuals belonging to neritic taxa are still attached to organic algal debris. This is the case of Rosalina bradyi (Cushman, 1915) , which is probably transported on advected algal detritus.
An incubated core suffered large salinity and oxygen changes over the 2.5 years of incubation. Salinity varied between 35 and 62 psu, whereas oxygen concentration was almost zero at the sediment-water interface at the end of incubation. Only Rosalina bradyi survived these strongly adverse conditions. Rosalina bradyi was obviously the last species able to reproduce and grow during our incubation, Journal of Foraminiferal Research fora-38-02-04.3d 28/2/08 10:44:17 59 FIGURE 10. Synthetic schemes showing the vertical distribution of dead and living (rose-Bengal-stained) Rosalina bradyi in the in situ and the incubated cores collected at Station CAMT-5 and the putative redox conditions for both cases. In the in situ settings, shallow infaunal (SI), intermediate infaunal (II) and deep infaunal (DI) groups are also depicted. Note that these groups did not survive in the incubated core. Asterisk means that only dead Rosalina bradyi are figured (not other dominant taxa). All distribution profiles are expressed in density (without scale unit).
FORAMINIFERA FROM SAINT-TROPEZ CANYON which suggests that this species is able to tolerate the combination of large salinity and oxygenation changes.
